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Exchange-diffusion reactions in HfSiON during annealing studied by Rutherford backscattering spectrometry, nuclear reaction analysis and narrow resonant nuclear reaction profiling L. Miotti, K. P. Bastos, G. V. Soares, C. Driemeier, R. P. Pezzi, and J. Morais The use of metal oxide and silicate films on Si as a highk gate dielectric replacement for silicon dioxide and oxynitride in advanced ultralarge scale integration technologies presents several difficulties. Some of the key topics of concern are: density of interface states, reliability, chemical and structural stability, oxidation of the Si substrate, diffusion of metallic species into the active semiconductor region and transport of Si into the high-k film.
1-3
Recent investigations [4] [5] [6] [7] [8] [9] indicate that incorporation of nitrogen into the hafnium oxide and silicate films either during or after deposition, by plasma or thermal treatments, leads to superior thermal stability, overcoming many of the abovementioned difficulties. However, since N is mainly incorporated into metastable configurations in the oxide and silicate films [9] [10] [11] (pseudo-ternary character, ͓HfO 2 ͔ x ͓͑SiO 2 ͒ 1−y ͑Si 3 N 4 ͒ y ͔ 1−x ), the integration of N containing high-k dielectrics into the metal oxide semiconductor field effect transistor fabrication flow relies on the stability of N during further high temperature processing steps. Indeed, structural degradation, more specifically recrystallization of the amorphous high-k films, 4 has been observed in those regions of the high-k film from where the N is low either intentionally or as a result of annealing in an oxidizing environment. Nitrogen loss also gives rise to lower capacitance which is usually a result of a lower dielectric constant. In this letter, we report on N, O, Si, and Hf atomic transport and exchange during thermal annealing of heavily nitrided hafnium silicate (HfSiON) films on Si. The Si (100) substrate was cleaned by standard NH 4 OH:H 2 O 2 :H 2 O cleaning followed by etching in a 100:1 diluted HF solution, resulting in a hydrogen terminated surface. 12 The films were deposited by reactive sputtering from an HfSi target. These films were submitted to different rapid thermal annealing (RTA) sequences at 1000°C in vacuum, N 2 flow, and 7 mbar of 97% 18 O-enriched O 2 atmospheres (vacuum-, N 2 -, and 18 O 2 -annealing), respectively, for different times. The aim of the present study is an atomic scale observation and understanding of the N losses reported previously, 4, 8 as well as the oxygen and nitrogen diffusion and eventual incorporation into the Si substrate during the different thermal processing routes.
The areal densities of Hf and Si and the profiles of Hf were determined by Rutherford backscattering spectrometry (RBS) in channeled or high-tilt geometries. The areal densities of 16 O, 18 O, and N were determined by nuclear reaction analysis (NRA) from the plateau regions of the cross section curves using the 16 O͑d , p͒ 17 O, 18 O͑p , ␣͒ 15 N, and 14 N͑d , ␣͒ 12 C reactions, respectively. 13 Nitrogen, 18 O and Si were profiled with subnanometric depth resolution by nuclear narrow resonant reaction profiling (NRP) using the 15 N͑p Figure 1 shows the RBS spectra for the as-deposited and N 2 -annealed samples for 60 s, in the highly tilted [70°tilt, 165°detection with respect to the incident beam, Fig. 1(a) ] and in the channeling-grazing angle detection [ Fig. 1(b) ] geometries. The Hf signal shows the usual 3% Zr contribution. The Hf and Si signals in the tilted RBS spectra do not change after N 2 annealing, as well as after any of the other annealing sequences performed (not shown). Based on these observations we concluded that Hf and Si are immobile within the accuracy (3% and 5%, respectively) and depth resolution ͑2 nm͒ of the technique. From the channeled-RBS spectrum [ Fig. 1(b) ] and the NRA results described below, the composition of the dielectric is extracted and found to be approximately equal to HfSi 1.5 N 2. Author to whom correspondence should be addressed; electronic mail: antonio@ti.com given in Fig. 2 . One can see substantial N loss, which qualitatively corresponds to the same amounts of 18 O incorporated in the films. It is also found that vacuum and N 2 annealing induce much smaller N and O losses than annealing in oxygen (see Fig. 4 ). O front from the film surface, leading to 18 O incorporation in the films, from the near-surface regions up to the HfSiON / Si interface for the two longest annealing times, and oxidation of the Si substrate, (ii) removal of N from those regions where 18 O is incorporated, in comparable amounts as the 18 O incorporation, (iii) removal of comparatively smaller N amounts from those regions where 18 O was not incorporated, and (iv) diffusion of N into the Si substrate to progressively larger depths, most probably forming 4,9-11 Si-N bonds. The effects of vacuum annealing are illustrated in Fig. 4 for as-deposited and N 2 -annealed samples subjected to two different further annealing sequences, namely 18 O 2 annealing and 18 O 2 annealing+ vacuum annealing. Vacuum annealing induces 18 O loss preferentially from near-surface regions and no 18 O loss from near-interface regions. Nitrogen loss due to vacuum annealing is moderate and, contrary to 18 O loss; it takes place preferentially at the HfSiON / Si interface region. In fact, the concentration of N in near-surface regions increases slightly after vacuum annealing.
Most of the diffusing nitrogenous species are lost by desorption from the film surface with a minor portion penetrating into the Si substrate. This effect is substantially enhanced by the chemical reaction 14 This reaction-diffusion process results in a much larger N loss from the system, as well as in a larger N diffusion into the Si substrate. The similarity between the areal densities and profiles of incorporated 18 O and lost N confirm the substitution (exchange) reactions proposed above as the principal mechanism responsible for nitrogen loss and oxygen incorporation. Since N is also lost from near-interface regions of the films where, for the shortest 18 O 2 -annealing times, there was no 18 O incorporation, one can hypothesize that a thermally only induced dissociation and diffusion is acting in parallel to the reaction-diffusion process. Another aspect deserving consideration is the incorporation of N into the Si substrate after N 2 annealing. In this case, substoichiometric SiN x is formed at the HfSiON / Si interface. On the other hand, in the case of 18 O 2 annealing, the diffusion of NO-like molecules toward the HfSiON / Si interface can lead, as it is well known, 16 to the formation of silicon oxynitride compounds.
The observed N loss from near-interface regions after vacuum annealing of HfSiON films that were previously annealed in 18 O 2 for long (120 s and more) RTA times is probably a consequence of the formation of a silicon oxynitride layer (SiON) at the interface, constituting a diffusion barrier.
1,17 The interface nitridation may limit further N transport across the interface and leads to loss from the surface only. On the other hand, 18 O loss from near-surface regions of these samples (as well as a slight increase of the N concentration), can be attributed to the inverse exchange reaction, namely fixed 18 O is now exchanged with N from near-interface regions, promoting a moderate increase in the N concentration in these regions and a comparable 18 O loss. In summary, the simulation of a high temperature postdeposition processing step of HfSiON films on Si in different atmospheres revealed reaction-diffusion phenomena, leading to atomic transport and exchange of the chemical species present in the system. In the case of annealing in an oxygen atmosphere, N is lost in exchange for O. Annealing in vacuum or nitrogen atmospheres promoted N and O losses from the system, although in much smaller amounts compared to the case of annealing in oxygen. A minor portion of the mobile nitrogenous species is transported across the HfSiON / Si interface, forming silicon nitrides or, alternatively, oxynitrides for the longest rapid thermal annealing times. The presence of silicon nitride and oxynitrides acts as a diffusion barrier in the near-interface region. The formation of the interfacial SiON modifies the reaction-diffusion dynamics, which results in a reduction in the transport of oxygen at the dielectric/substrate interface as compared to nonnitrided HfSiO / Si interface. 
